Abstract: To increase the strength and erosion resistance of Copper Crystallizer, the system based on Laser Metal Deposition (LMD) process was proposed to clad nickel-based alloy on its surface. With the optimal processing parameters ascertained by large numbers of experiments, the crystallizer was clad nickel-based alloy. The morphology and the microstructures of the cladding layers and bonding interface were analyzed by energy dispersive spectrometer and scanning electronic microscopy. The result shows that the bonding interface realizes the metallurgic and tight bonding.
Introduction
Copper is widely used as crystallizer in continuous casting and rolling with its excellent electrical and thermal conductivity [1] . However, the low strength and wear resistance at high operating temperature limit its application. To solve these problems, it is a good choice to clad wear-resisting layers on the surface. Laser Metal Deposition (LMD) is an advanced laser materials processing technique, which is wildly used in manufacturing, part reparation, surface modification. The main characteristic that distinguishes LMD from other surface treatment is excellent metallurgical bonding, no pollution, high productivity, easy to realize automation, moreover, the tendency to form pores and cracks is also reduced [2] . So LMD process can meet the requirements as the first choice.
As one of research area of rapid prototyping (RP) technology, LMD processes have drawn much attention lately because of their ability to form small quantities of functional prototypes and structur al parts at very low cost to the buyer. Several commercialized LMD processes exist already, includi ng laser-engineered net shaping (LENS), directed-light fabrication (DLF), and laser additive manufa cturing (LAM). All LMD processes are similar in that a three-dimensional part in a computer-aided design file is sliced into layers which, in turn, define laser scan trajectories. A high-power laser is us ed to heat and melt metal powder, which solidifies to form a fully dense layer. The addition of multi ple layers will produce a three-dimensional, fully dense part having net or near-net shape [3] .
Experimental set-up
Experimental set-up consists of high-power laser source and control system including laser beam delivery system, vacuum chamber and vacuum acquiring system, powder feeding system and powder delivery nozzle, positioning devices and CAM software. The real photograph of the LMD system is presented in Figure 1 . Laser sources and control system. Today the only laser systems that are capable of supplying a continuous wave(cw), with constant emission of radiation of power of several kilowatts, are solid-state and CO 2 laser. The results discussed in the following sections were obtained by using a CO 2 slab laser, output power up to 5kW, whose wavelength is 10.6µm. The radiation is delivered to the working zone by laser beam delivery system.
The parameters of the energy supply system includes the laser power, beam diameter, beam mode structure, and beam focal point. The effective energy(the amount of energy delivered to the substrate) depends on the laser power, CNC scanning speed, and beam diameter, and it is expressed as
, where E is the specific energy(J/mm 2 ),v is the CNC traverse speed(mm/s),P is the laser power(w),and D is the spot size(mm) [4] . Thus, in order to regulate the amount of energy delivered to the substrate, the laser power, beam diameter, and traverse speed required to be adjusted. A power collecting sensor is installed to monitor the laser power, which is displayed simultaneously. Besides the high-energy laser, the laser energy supply system includes light gate, calibration laser, reflector, transmission focusing, and cooling system, as shown in Figure2.
Fig.2 Schematic of the energy supply and control system
Powder delivery and control system. The stability of the powder delivery speed is one of the most important parameters affecting the quality of the deposited parts. The controllable powder delivery which including powder feeder and nozzle can greatly improve the performance of 3D laser cladding.
Powder feeder:The powder feeding system includes 3-channel,which powder feed rate can be adjusted separately for each channel.The metallic powder must be transported from the feeder to the molten pool. This transporting can be done by a carrier gas (Argon, Helium and Nitrogen) or simply by gravitation, subsequently the powder is directed to the molten pool by a powder nozzle [5] .
Coaxial nozzle:the advantage of the coaxial injection is a small heat affected zone and the possibility of multidirectional cladding due to radial symmetry between the laser beam and the powder flux. additionally most procedure employ a shielding gas, and the carrying gas as the part of the shielding gas. Apart from its main task of protecting the working area from oxidation and keep the lens clean, the shielding gas also helps to focus the powder stream. All of the round-stream powder nozzles that were used for longer working distance include an integrated shielding gas system [6] .
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Positioning Devices.The positioning device mainly consists of industrial computer, three step mo tors, programmable multiple axes controller(PMAC2-pc104), worktable, system application softwar e(pewin32 or pcomm32.DLL), and corresponding circuits.
The machine tool table set in vacuum chamber is utilized to move the samples with positioning a ccuracy up to 0.01mm. And the positioning device should not only provide enough workspace and maneuverability for the required paths, but also provide the appropriate velocity which is a major pr ocess parameter [7] .
CAM software. The CAM software includes the following five functions: reconstructing the top ological information of STL file; checking and repairing various kinds of errors and mistakes in STL file; slicing algorithm; trajectory planning algorithm. Generating NC code to drive the table by PMA C and servo drivers according to the scanning path data.
Vacuum chamber and its vacuum acquiring system.The vacuum chamber is 1200mm long, an d its diameter is 1000mm, in addition some electrical interface, and cooling water and gas joint were set on its body. The vacuum acquiring system consists of mechanical pump and. Before LMD proces s the vacuum chamber need reach 10 -2 Pa pressure, and then the argon is charged into vacuum chamb er.
Experimental and discussion
Experimental procedure. Nickel-based alloy has high wear resistance, better metallurgical bonding with Cu. Furthermore, copper exhibits a similar thermal physical property as nickel, thus Ni60A was selected as the cladding material. the powder has a mesh size of -100/+325(the particle size between 45 and 150µm).The cladding powder elements were shown in table 1. The substrate was ground with 320 SiC paper, and then degreased using acetone and ethanol befo re deposition [8] . The powder was exsiccated in drying cabinet for 2 hours with the temperation of 1 10℃ and the substrate was preheated to 530-560℃ by home-made preheater [9] . The processing par ameters were ascertained by previous experiments and were listed in table 2. The nickel-based alloy Ni60A powder was clad on the copper using the processing parameters, and the crystallizer is shown in Figure 3 . Porosity. The porosity of bonding interface and cladding layers were observed using metallographic microscope. As shown in figure 4 , there is barely defect in the cladding layers, and few pores exist in the bonding interface. The porosity of bonding interface and cladding layers were 1.5% and nearly zero by calculation respectively.
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The figure 5 indicates that the Cu, Ni, Fe, Si, Cr elements distribution along growth direction of t he cladding layers and energy spectrum line by SEM.
As shown in the figure, the cladding layer is diluted by Cu elements about 30～50μm deep, at the same time, the Ni、Fe、Si、Cr elements diluted to substrate is about 10µm deep, the result shows the wettability good, and they realized the metallurgic and tight bonding. Fig. 5 The invasive analysis of sample between the cladding and the substrate Figure 6 shows SEM metallograph of bonding zone through cladding Ni60A on the copper. The cladding layer section is comprised of substrate, bonding zone and cladding layer. According to the figure, if the preheating temperature is higher and it's gradient is smaller, then dendrite is less, also it can be concluded that dendrite grow along scanning direction, and the morphology was smooth, uni form and continuous. Figure 7 shows EDS spectrum and component of bonding interface obtained by the processing pa rameters(shown in table 2).The results indicate that morphology is well-distributed and has few segr egation, so the performance of parts can be improved. Corrosion resistance. The corrosion-resistance test for three samples were made in neutral corro sive liquid, figure 8 shows the result that the samples were corroded 24 hours,48 hours,72 hours resp ectively. it can be found that the substrate and cladding layers will got rusty, and their weight-lost ar e 1.4mg,1.8mg and 2.1mg using the analytical balance, it indicated that the cladding layers have goo d corrosion resistance. 
Conclusion
Laser metal deposition system was developed to clad nickel-based alloy on copper crystallizer, resulting in good property such as high wear resistance,erosion resistance and hardness.The following conclusion can be obtained by experiment. 1.Preheating substrate contributes to get crack-free cladding layers which have finer grains and h omogeneous structure.
2.The cladding layer and the substrate diluted to each other in the bonding zone, resulting in good wettability ,so they could realize the metallurgic and tight bonding.
3.The cladding layer chemical composition was well-distributed and has few segregation, so the performance of parts can be improved. 4 .The result of corrosion-resistance test showed that the cladding layers have good erosion resista nce.
